A Neutral pH Aqueous Organic–Organometallic Redox Flow Battery with Extremely High Capacity Retention by Beh, Eugene et al.
A Neutral pH Aqueous Organic–
Organometallic Redox Flow Battery
with Extremely High Capacity Retention
The Harvard community has made this
article openly available.  Please share  how
this access benefits you. Your story matters
Citation Beh, Eugene S., Diana De Porcellinis, Rebecca L. Gracia, Kay T. Xia,
Roy G. Gordon, and Michael J. Aziz. 2017. “A Neutral pH Aqueous
Organic–Organometallic Redox Flow Battery with Extremely High




Terms of Use This article was downloaded from Harvard University’s DASH
repository, and is made available under the terms and conditions





















:HGHPRQVWUDWH DQ DTXHRXV RUJDQLF DQG RUJDQRPHWDOOLF UHGR[ IORZ EDWWHU\ XWLOL]LQJ UHDFWDQWV
FRPSRVHGRQO\RIHDUWKDEXQGDQWHOHPHQWVDQGRSHUDWLQJDWQHXWUDOS+7KHSRVLWLYHHOHFWURO\WH
FRQWDLQV ELVWULPHWK\ODPPRQLRSURS\OIHUURFHQH GLFKORULGH DQG WKH QHJDWLYH HOHFWURO\WH
FRQWDLQV ELVWULPHWK\ODPPRQLRSURS\O YLRORJHQ WHWUDFKORULGH VHSDUDWHG E\ DQ DQLRQ
FRQGXFWLQJ PHPEUDQH SDVVLQJ FKORULGH LRQV %LVWULPHWK\ODPPRQLRSURS\O IXQFWLRQDOL]DWLRQ
OHDGV WR a0 VROXELOLW\ IRU ERWK UHDFWDQWV VXSSUHVVHV KLJKHU RUGHU FKHPLFDO GHFRPSRVLWLRQ
SDWKZD\V DQG UHGXFHV UHDFWDQW FURVVRYHU UDWHV WKURXJK WKHPHPEUDQH8QSUHFHGHQWHG F\FOLQJ




D IHUURFHQH FHQWHU DQG UHGXFLQJ WKH PHPEUDQH UHVLVWDQFH ZLWKRXW XQDFFHSWDEOH LQFUHDVHV LQ






DGRSWLRQ KRZHYHU VWRUDJH LV RI FULWLFDO LPSRUWDQFH GXH WR WKH LQKHUHQW LQWHUPLWWHQF\ RI WKHVH
UHQHZDEOH VRXUFHV 6ROLGHOHFWURGH EDWWHULHV VXFK DV /LLRQ DUH FRPPRQ EXW FDQQRW EH
GLVFKDUJHG FRVWHIIHFWLYHO\ IRU WKH VHYHUDO KRXUV
 GXUDWLRQ UHTXLUHG IRU HIIHFWLYHO\ UHJXODWLQJ
ZLQG DQG SKRWRYROWDLF HOHFWULFLW\ SURGXFWLRQ%\ VWRULQJ WKH HOHFWURDFWLYH FKHPLFDO VSHFLHV
VHSDUDWHO\IURPWKHSRZHUJHQHUDWLRQVWDFNLWVHOIDQGSXPSLQJWKHUHDFWDQWVSDVWWKHHOHFWURGHV
ZKHQUHTXLUHGUHGR[IORZEDWWHULHV5)%VDOORZWKHHQHUJ\FDSDFLW\RIWKHHQWLUHV\VWHPWREH
VFDOHG LQGHSHQGHQWO\ RI LWV PD[LPXP SRZHU RXWSXW WKHUHE\ RIIHULQJ WKH SURPLVH RI FRVW
HIIHFWLYHORQJGXUDWLRQGLVFKDUJH
7KHPRVW SRSXODU UHDFWDQW IRU 5)%V LV YDQDGLXP EXW ORZ HDUWK DEXQGDQFH KLJK FRVW DQG




%\ HPSOR\LQJ VROXWLRQV RI UHGR[DFWLYH RUJDQLF RU RUJDQRPHWDOOLF UHDFWDQWV
LQFRUSRUDWLQJ RQO\ HDUWKDEXQGDQW PHWDOV WKH UHDFWDQW FRVW FDQ SRWHQWLDOO\ EH ORZHUHG
VXEVWDQWLDOO\ZKLOHHOLPLQDWLQJDQ\FRQFHUQVDERXWWKHDYDLODELOLW\RIWKHUHDFWDQWVZKHQDSSOLHG
WRWKHWUXO\ODUJHVFDOHVUHTXLUHGIRUJULGVWRUDJH
,Q DGGLWLRQ WR 5)%V RSHUDWLQJ XQGHU KLJKO\ DFLGLF RU DONDOLQH FRQGLWLRQV VHYHUDO
FKHPLVWULHV KDYH EHHQ UHSRUWHG WKDW RSHUDWH DW QHXWUDO S+ ZKHUH WKH ORZ FRUURVLYLW\ LV
DGYDQWDJHRXV  6HH 7DEOH 6 IRU D VXPPDU\ RI QHXWUDO S+ DTXHRXV RUJDQLF 5)%
FKHPLVWULHV +RZHYHU WKH UHSRUWHG FDSDFLW\ UHWHQWLRQV KDYH VWLOO EHHQ WRR ORZ IRU GHFDGDO
RSHUDWLRQ%HFDXVHFKHPLFDOVWDELOLW\DQGHOHFWURFKHPLFDOVWDELOLW\DUHGLVWLQFWDQGLQGHSHQGHQW
 
PHWULFV WKH FDSDFLW\ UHWHQWLRQ SHU F\FOH UHSRUWHG IURP UDSLG F\FOLQJ H[SHULPHQWV GRHV QRW
DGGUHVVFDOHQGDUOLIHOLPLWDWLRQVZKLFKDUHSDUWLFXODUO\UHOHYDQWIRUPROHFXODUUHDFWDQWV,QWKLV
SDSHUZH UHSRUW D5)%ZLWK WKH KLJKHVW FDSDFLW\ UHWHQWLRQ UDWH WR GDWH YV WLPH DQGYV F\FOH
QXPEHU7KH5)%LVRSHUDWHGLQZDWHUDWQHXWUDOS+XVLQJRUJDQLFDQGRUJDQRPHWDOOLFUHDFWDQWV
WKDW KDYH YHU\ KLJK VROXELOLWLHV a0 LQ ZDWHU DQG GR QRW UHTXLUH DQ\ DGGHG VXSSRUWLQJ
HOHFWURO\WH
7KH QHXWUDO S+ RUJDQLF 5)%V UHSRUWHG WR GDWH XWLOL]HPHWK\O YLRORJHQ 09 PRQRPHUV RU
SRO\PHUVDVWKHQHJRO\WHQHJDWLYHHOHFWURO\WHDQGW\SLFDOO\DQLWUR[LGHUDGLFDOVXFKDV
WHWUDPHWK\OSLSHULGLQ\OR[\O 7(032 LQ PRQRPHULF RU SRO\PHULF IRUP DV WKH SRVLWLYH
HOHFWURO\WH SRVRO\WHZKHUHFKORULGH LRQVPRYHDFURVVDQ DQLRQFRQGXFWLQJPHPEUDQHGXULQJ
RSHUDWLRQ$YHU\ UHFHQW UHSRUW KDV LQWURGXFHGZDWHUVROXEOH IHUURFHQH GHULYDWLYHV)F1&O DQG
)F1%U 7DEOH 6 LQ DQ DOWHUQDWLYH SRVRO\WH IRU S+ 5)%V $OO WKUHH VSHFLHV YLRORJHQ
7(032 DQG IHUURFHQH DUH VXVFHSWLEOH WR GHFRPSRVLWLRQ YLD PHFKDQLVPV WKDW LQYROYH WKH
FROOLVLRQRI WZRRI WKH VDPHPROHFXOH LQ D VHFRQGRUGHUSURFHVV 6HH 6, IRUGHWDLOV DERXW WKH
GHFRPSRVLWLRQPHFKDQLVPV7KLV LVRISDUWLFXODUFRQFHUQEHFDXVHKLJKUHDFWDQWFRQFHQWUDWLRQV
DUH UHTXLUHG LQ RUGHU WR DFKLHYH KLJK HQHUJ\ GHQVLWLHV LQGHHG ZKHQHYHU GLIIHUHQW UHDFWDQW
FRQFHQWUDWLRQV KDYH EHHQ UHSRUWHG IRU WKH VDPH UHDFWDQW FKHPLVWULHV ORZHU FDSDFLW\ UHWHQWLRQ
UDWHVKDYHDOZD\VEHHQREVHUYHGDWKLJKHUFRQFHQWUDWLRQVRIPROHFXODUUHDFWDQWV7DEOH6
:HWKHUHIRUHGHVLJQHGDQGV\QWKHVL]HGELVWULPHWK\ODPPRQLRSURS\OYLRORJHQWHWUDFKORULGH
%70$39L DV WKH QHJRO\WH DQG ELVWULPHWK\ODPPRQLRSURS\OIHUURFHQH GLFKORULGH DV WKH
SRVRO\WH %70$3)F6HH 6, 7KH H[LVWHQFH RI IRXU SRVLWLYH FKDUJHV LQVWHDG RI WZR RQ WKH
FDWLRQLFFRQVWLWXHQW09IRUWKHUHGXFHGIRUPVWKUHHYVRQHIRUWKHFDWLRQUDGLFDO09ZDV
K\SRWKHVL]HG WR UHWDUG JUHDWO\ WKH ELPROHFXODU GHFRPSRVLWLRQ RI %70$39L E\ D PDVVLYH
 
LQFUHDVHLQWKH&RXORPELFUHSXOVLRQEHWZHHQWZRPROHFXOHVFRPSDUHGWR0909$VLPLODU
HIIHFW ZDV K\SRWKHVL]HG DOVR WR LQFUHDVH WKH FKHPLFDO VWDELOLW\ RI %70$3)F FRPSDUHG WR
)F1&O%RWK%70$39LDQG%70$3)FDUHFRPSRVHGRIRQO\HDUWKDEXQGDQWHOHPHQWV
,Q DGGLWLRQ WR WKH LPSURYHG VWDELOLW\ RI ERWK FRPSRXQGV FRPSDUHG WR09 7(032 DQG
)F1&O WKH WZRSRVLWLYHO\FKDUJHGTXDWHUQDU\ DPPRQLXPJURXSV LPSDUW H[WUHPHO\KLJKZDWHU
VROXELOLW\ WR WKH PROHFXOHV )RU LQVWDQFH IHUURFHQH LV FRPSOHWHO\ LQVROXEOH LQ ZDWHU EXW
%70$3)FKDVDVROXELOLW\RI0LQZDWHUDW&%70$39LKDVDVLPLODUVROXELOLW\RI
0 LQZDWHU0RUHRYHU WKHKLJKO\SRVLWLYHO\ FKDUJHG UHDFWDQWV DUH H[SHFWHG WR DOVREHQHILW
IURPUHGXFHGSHUPHDELOLW\DFURVVDQLRQH[FKDQJHPHPEUDQHVWKURXJKHQKDQFHGFKDUJHDQGVL]H
H[FOXVLRQ7KHSHUPHDELOLWLHVRI%70$39LDQG%70$3)F DFURVVD6HOHPLRQ'69DQLRQ
H[FKDQJH PHPEUDQH ZHUH PHDVXUHG WR EH  î íFPVí DQG  î íFPVí
UHVSHFWLYHO\6HH6,7KHVHSHUPHDELOLWLHVDUHWLPHVORZHUWKDQ09ZKLFKZDVPHDVXUHGDW
îíFPVí)URP WKHVHYDOXHV LWZRXOG WDNH DQG \HDUV UHVSHFWLYHO\ IRU WKH
FURVVRYHURI%70$39LDQG%70$3)FWROHDGWRDORVVLQFHOOFDSDFLW\










ERWK HOHFWURO\WHV LQ WKH GHQRPLQDWRU LV $K/í DQG WKH WKHRUHWLFDO HQHUJ\ GHQVLW\ LV
:K/í
 
)LJXUH  /HIW &KHPLFDO VWUXFWXUHV RI %70$39L DQG %70$3)F 5LJKW &\FOLF
YROWDPPRJUDPVRI%70$39L EOXHWUDFHDQG%70$3)F UHGWUDFH7KHZDWHUVROXELOLWLHV





QHJRO\WH DQG 0%70$3)F LQ ZDWHU P/ DV WKH SRVRO\WH VHSDUDWHG E\ DQ DQLRQ
FRQGXFWLQJ PHPEUDQH 6HOHPLRQ '69 PP î FP ,Q RUGHU WR SUHYHQW DWPRVSKHULF
R[\JHQ IURP UHDFWLQJ ZLWK HLWKHU HOHFWURO\WH DQG SURPRWLQJ GHFRPSRVLWLRQ E\ UDLVLQJ WKH
VROXWLRQ S+ WKH HQWLUH FHOO ZDV RSHUDWHG LQVLGH DQ DUJRQILOOHG JORYH ER[ %RWK HOHFWURO\WH
VROXWLRQVZHUHDOVRVWLUUHGRYHUQLJKWXQGHUDQDUJRQDWPRVSKHUHLPPHGLDWHO\SULRUWRXVH
7KHUHVXOWLQJQHXWUDOS+DTXHRXV5)%VKRZHGDQRSHQFLUFXLWYROWDJH2&9WKDW LQFUHDVHG
QHDUO\ OLQHDUO\ IURP9 DW  VWDWH RI FKDUJH 62& WR 9 DW 62& )LJXUH 
3RODUL]DWLRQ VWXGLHV FRQGXFWHG DW URRP WHPSHUDWXUH & VKRZHG D SHDN JDOYDQLF SRZHU
 
GHQVLW\RIP:FPíDWDFXUUHQWGHQVLW\RIP$FPí7KHUHODWLYHO\ORZSHDNSRZHUDQG
FXUUHQW GHQVLWLHV ZHUH GXH LQ ODUJH SDUW WR WKH UHVLVWLYLW\ RI WKH PHPEUDQH aȍFP
GHWHUPLQHGE\KLJKIUHTXHQF\HOHFWURFKHPLFDOLPSHGDQFHVSHFWURVFRS\(,6LQWKHIXOOFHOOVHH
6,ZKLFKZDVUHVSRQVLEOHIRUDSSUR[LPDWHO\±RIWKHDUHDVSHFLILFUHVLVWDQFH$65




















R[\JHQFRQWDLQLQJ DQG R[\JHQGHSOHWHG HQYLURQPHQWV DQG IRU D FRPSDULVRQZLWK09 DV WKH
QHJRO\WHLQVWHDGRI%70$39L7KHFHOOZDVWKHQF\FOHGDWDFRQVWDQWFXUUHQWRIP$FPí
ZLWK D SRWHQWLDO FXWRII RI 9 ZKLOH FKDUJLQJ DQG 9 ZKLOH GLVFKDUJLQJ 7KH DYHUDJH
&RXORPELFHIILFLHQF\GXULQJJDOYDQRVWDWLFF\FOLQJZDV!)LJXUH6(YHU\WKF\FOH
WKHSRWHQWLDOZDVPDLQWDLQHGDW WKHFXWRIIYROWDJHDIWHU JDOYDQRVWDWLFFKDUJLQJDQGGLVFKDUJLQJ
XQWLO WKH FXUUHQW GURSSHG EHORZP$FPí7KLV DOORZHG WKH HQWLUH FDSDFLW\ RI WKH FHOO WR EH
PHDVXUHGLQGHSHQGHQWRIDQ\FKDQJHVWRWKHPHPEUDQH$65
7KHPHPEUDQH$65ZDVPHDVXUHGXVLQJSRWHQWLRVWDWLF(,6DW 9 LPPHGLDWHO\ IROORZLQJ
WKHSRWHQWLRVWDWLFGLVFKDUJHIURPHDFKWKF\FOHLHDOZD\VDWa62&7KHPHPEUDQH$65
ZDVIRXQGWRLQFUHDVHYHU\VORZO\RYHUWKHFRXUVHRIWZRZHHNVZKLOHVKRZLQJGLXUQDOYDULDWLRQV
RI aȍFP GHSHQGLQJ RQ WKH DPELHQW WHPSHUDWXUH &KDQJHV WR WKH PHPEUDQH $65




SURYLGHV DPRUH DFFXUDWHPHDVXUH RI UHDFWDQW VWDELOLW\ LQ DQ RSHUDWLQJ FHOO WKDQ FRQYHQWLRQDO
JDOYDQRVWDWLFF\FOLQJ,QDGGLWLRQEHFDXVHWKHSRWHQWLDOKROGVHQVXUHWKDWWKHHQWLUH62&UDQJHLV











 RI LWV RULJLQDO YDOXH & WR & RYHU  F\FOHV ZKLFK VSDQQHG 
GD\VUHSUHVHQWLQJDFDSDFLW\UHWHQWLRQRIF\FOHRUGD\7KHFRUUHVSRQGLQJ
FDSDFLW\ IDGH UDWHV DUH   F\FOH DQG   GD\ UHVSHFWLYHO\ 7KH IRUPHU ILJXUH
DWWULEXWHVDOORIWKHFDSDFLW\IDGHWRHOHFWURFKHPLFDOF\FOLQJZKHUHDVWKHODWWHUILJXUHDWWULEXWHVLW
 
DOO WR FKHPLFDO GHFD\ WKXV WKHVH ILJXUHV UHSUHVHQW XSSHU OLPLWV LI ERWKPHFKDQLVPV FRQWULEXWH
VLJQLILFDQWO\WRFDSDFLW\IDGH
(YHQ EHWWHU FDSDFLW\ UHWHQWLRQ UDWHV DUH DFKLHYDEOH DW ORZHU EXW VWLOO UHDVRQDEOH UHDFWDQW
FRQFHQWUDWLRQV%HFDXVHRSHUDWLRQLQDLUOHGWRDYHU\IDVWGURSLQFHOOFDSDFLW\6HH6,DQRWKHU
FHOOZDV VHW XS LQVLGH D QLWURJHQILOOHG JORYH EDJZLWK P/RI 0%70$39L DV WKH
QHJRO\WHDQGP/RI0%70$3)FDVWKHSRVRO\WHERWKDW62&6HH6,7KH
JORYHEDJHQYLURQPHQWFRQWDLQVPRUHR[\JHQWKDQGRHVWKHJORYHER[EXW WKLV LVPLWLJDWHGE\


















WKH FHOO IRU HDFK FKDUJHGLVFKDUJH F\FOH UHG VTXDUHV 7KH UHG OLQH LV WKH EHVW ILW OLQH WR WKH
GLVFKDUJH FDSDFLW\ RI WKH FHOO EHWZHHQ F\FOHV  DQG  E 5HSUHVHQWDWLYH YROWDJH YV WLPH
WUDFHV RI VHOHFWHG F\FOHV ,QVHW 0DJQLILFDWLRQ RI WKH SRWHQWLRVWDWLF UHJLRQV RI HDFK FKDUJH
GLVFKDUJH F\FOH VKRZLQJ WKH HYROXWLRQ RI WKH SRWHQWLRVWDWLF FDSDFLW\ RI WKH FHOO ZLWK F\FOH
QXPEHU,QVHWWUDFHVDUHYHUWLFDOO\RIIVHWIURPHDFKRWKHUIRUFODULW\
7KHFDOHQGDUIDGHUDWHRID%70$39L%70$3)FFHOOZDVIRXQGWREHLQGHSHQGHQWRIWKH
F\FOLQJ FXUUHQW GHQVLW\ )LJXUH 6 LPSO\LQJ WKDW WKH SUHGRPLQDQW VRXUFH RI FDSDFLW\ IDGH LV
XQOLNHO\ WR EH HOHFWURFKHPLFDO GHFRPSRVLWLRQ EXW UDWKHU FKHPLFDO GHFRPSRVLWLRQ RU UHDFWDQW
FURVVRYHU 105 DQDO\VHV ZHUH SHUIRUPHG WR HYDOXDWH WKH H[WHQW WR ZKLFK FKHPLFDO
GHFRPSRVLWLRQ RI WKH UHDFWDQWV DW HLWKHU FKDUJH VWDWH FRQWULEXWHG WR FDSDFLW\ ORVV 6HH 6, IRU
GHWDLOV1RWUDFHRIHLWKHUUHDFWDQWZDVGHWHFWDEOHE\105LQWKHRWKHUUHDFWDQWUHVHUYRLUDIWHU
F\FOHVDWKLJKFRQFHQWUDWLRQRUF\FOHVDWORZHUFRQFHQWUDWLRQ%RWKUHDFWDQWVLQERWK
WKHLU R[LGL]HG DQG UHGXFHG VWDWHV F\FOHG RU XQF\FOHG ZHUH IRXQG E\ 105 WR EH VWDEOH LQ
 
DTXHRXV VROXWLRQ2EVHUYHGRQO\ZLWKH[SHULPHQWV LQ WKHJORYHEDJEXWQRW WKHJORYHER[ WKH
GHDON\ODWLRQRI%70$39LZLWKK\GUR[LGHIRUPHGIURPWKHUHDFWLRQRI LWV UHGXFHGIRUPZLWK
R[\JHQZDVLGHQWLILHGDVDGHFRPSRVLWLRQSDWKZD\
2XU H[SHULPHQWV LPSO\ WKDW DV ORQJ DV R[\JHQ LV VWULFWO\ H[FOXGHG IURP WKH UHDFWDQWV ERWK
%70$39LDQG%70$3)FDUHHOHFWURFKHPLFDOO\DQGFKHPLFDOO\VWDEOH)URPWKHH[DPSOHVLQ
WKH OLWHUDWXUH WKH SHUFHQWDJH FDSDFLW\ IDGH LV JHQHUDOO\ KLJKHU DW KLJKHU FRQFHQWUDWLRQV RI
UHDFWDQWV ZKLFK VXJJHVWV WKDW D VLJQLILFDQW SRUWLRQ RI WKH FDSDFLW\ IDGH LV GXH WR ELPROHFXODU
UHDFWLRQV RI WKH UHDFWDQWVZLWK WKHPVHOYHV 3UHVXPDEO\ WKHVH SDWKZD\V DUH VXSSUHVVHG E\ WKH
SRVLWLYHFKDUJHVRI%70$3ZKLFKJUHDWO\ LQFUHDVH WKH&RXORPELFUHSXOVLRQEHWZHHQUHDFWDQW
PROHFXOHV
)RU SUDFWLFDO DSSOLFDWLRQVZH H[SHFW WKDW IXUWKHU LPSURYHG WHPSRUDO FDSDFLW\ UHWHQWLRQ RYHU
WKHDOUHDG\H[FHOOHQWUHVXOW LQ)LJXUHZLOOEHSRVVLEOHE\XWLOL]LQJDFHOOGHVLJQWKDW LVEHWWHU
VHDOHGWRDWPRVSKHULFR[\JHQRUE\VLPSO\VFDOLQJXSWKHYROXPHRIWKHFHOO$EXIIHUVROXWLRQ
PD\ DOVREHXWLOL]HG WRPLWLJDWH DQ\ ULVHV LQ VROXWLRQS+ WKRXJK WKHSUHVHQFHRI ODUJH DQLRQV
ZLWKORZGLIIXVLYLW\IURPWKHEXIIHUPD\SRWHQWLDOO\UDLVHWKHFHOO$65(OVHZKHUHORZHULQJWKH
FHOO$65E\XVLQJPRUHFRQGXFWLYHPHPEUDQHVZLOOKHOS WRFRPSHQVDWH IRU WKH UHODWLYHO\ ORZ





7KLV ZLOO KDYH WKH HIIHFW RI UDLVLQJ WKH FHOO YROWDJH WKH SHDN SRZHU GHQVLW\ DQG WKH HQHUJ\
HIILFLHQF\RIWKHFHOO)RULQVWDQFHGLTXDWHUQL]HGGHULYDWLYHVRI¶GLS\ULG\ODUHNQRZQWRKDYH
 
VLJQLILFDQWO\ ORZHU E\ aP9 UHGXFWLRQ SRWHQWLDOV WKDQ WKRVH RI ¶GLS\ULG\O )RU DQ
DOWHUQDWLYH SRVRO\WH ZH V\QWKHVL]HG 1WULPHWK\ODPPRQLRSURS\O IHUURFHQHFDUER[DPLGH
FKORULGH )F&21+70$3 VHH 6, DQG GHWHUPLQHG LWV UHGXFWLRQ SRWHQWLDO WR EH 9 YV
6+( 9 YV 5+( DW S+  7KLV ILJXUH LV aP9 KLJKHU WKDQ%70$3)F JLYLQJ D
WKHRUHWLFDOFHOOSRWHQWLDORI9DJDLQVW%70$39L%HFDXVHDQDPLGHOLQNDJHLVK\GURO\]HG
LQS+ZDWHU DW D UDWHZLWKDFRUUHVSRQGLQJKDOIOLIHRI VHYHUDO FHQWXULHV)F&21+70$3
PD\EHDVXLWDEO\VWDEOHDQGV\QWKHWLFDOO\DFFHVVLEOHUHSODFHPHQWIRU%70$3)FLQWKHIXWXUH




%70$3 IXQFWLRQDOL]DWLRQ DOVR VXSSUHVVHV UHDFWDQW FURVVRYHU WKURXJK WKH PHPEUDQH ZKLOH
HQVXULQJKLJKFKHPLFDODQGHOHFWURFKHPLFDOVWDELOLW\
7KHQHWUHVXOWLVD5)%WKDWF\FOHVVWDEO\ZLWKXQSUHFHGHQWHGFDSDFLW\UHWHQWLRQUDWHV:KHWKHU
H[SUHVVHG LQ WHUPV RI F\FOH QXPEHU RU WLPH   F\FOH FDOHQGDU IDGH UDWH RI  
\HDUWKLVLVDFRQVLGHUDEO\KLJKHUFDSDFLW\UHWHQWLRQUDWHWKDQIRUDQ\RWKHU5)%FKHPLVWU\WKDW















DOVR VXSSRUWHG E\ WKH +DUYDUG 6FKRRO RI (QJLQHHULQJ DQG $SSOLHG 6FLHQFHV DQG WKH
0DVVDFKXVHWWV&OHDQ(QHUJ\ 7HFKQRORJ\&HQWHU:H WKDQN 3URI0DUFHO 6FKODI0DUF$QWRQL
















 6RORYHLFKLN * / )ORZ%DWWHULHV &XUUHQW 6WDWXV DQG 7UHQGV&KHP 5HY  

 :LQVEHUJ-+DJHPDQQ7-DQRVFKND7+DJHU0'6FKXEHUW865HGR[)ORZ












%DWWHU\(PSOR\LQJ D /RZ&RVW DQG6XVWDLQDEOH0HWK\O9LRORJHQ$QRO\WH DQG +27(032
&DWKRO\WH$GY(QHUJ\0DWHU
 -DQRVFKND70DUWLQ10DUWLQ8)ULHEH&0RUJHQVWHUQ6+LOOHU++DJHU0
' 6FKXEHUW 8 6 $Q $TXHRXV 3RO\PHU%DVHG 5HGR[)ORZ %DWWHU\ 8VLQJ 1RQ&RUURVLYH
6DIHDQG/RZ&RVW0DWHULDOV1DWXUH
 -DQRVFKND 7 0DUWLQ 1 +DJHU 0 ' 6FKXEHUW 8 6 $Q $TXHRXV 5HGR[)ORZ
%DWWHU\ZLWK+LJK&DSDFLW\ DQG 3RZHU 7KH7(0370$096\VWHP$QJHZ&KHP ,QW (G

 $GDPV * % +ROODQGVZRUWK 5 3 :HEEHU % ' 5HFKDUJHDEOH $ONDOLQH
=LQF)HUULF\DQLGH%DWWHU\)LQDO5HSRUWIRUWKH3HULRG6HSWHPEHU6HSWHPEHU




















 .ULVKQDQ & 9 &UHXW] & 6FKZDU] + $ 6XWLQ 1 5HGXFWLRQ 3RWHQWLDOV IRU 








































































































































































































































































































































































































































































































































































































































































































































































































































































2+í LRQV UHVXOWV LQ D JUDGXDO DFLGLILFDWLRQ RI WKH SRVRO\WH ,Q WXUQ 7(032/ XQGHUJRHV D
GLVSURSRUWLRQDWLRQUHDFWLRQLQWKHSUHVHQFHRI+WRIRUP7(032/DQGGLK\GUR[\
WHWUDPHWK\OSLSHULGLQH7KH GLVSURSRUWLRQDWLRQ LV VHFRQG RUGHUZLWK UHVSHFW WR7(032/ DQG LV
WKHUHIRUH IDVWHU DW KLJKHU SRVRO\WH FRQFHQWUDWLRQV ,W LV SUHVXPDEOH WKDW RWKHU ZDWHUVROXEOH
7(032GHULYDWLYHVZLOOGHFRPSRVHLQWKHVDPHZD\ZKHQF\FOHGLQDFHOO

,Q WKHQHJRO\WHGXULQJFHOOFKDUJLQJ WKHGLFDWLRQ09LV UHGXFHG WR WKHFDWLRQUDGLFDO09
09 LV UHDGLO\R[LGL]HGEDFN WR09E\PROHFXODUR[\JHQ IRUPLQJ VXSHUR[LGH DQLRQ 2í










$QRWKHU PHFKDQLVP IRU WKH GHFRPSRVLWLRQ RI 09 LV RSHUDWLYH HYHQ LI R[\JHQ LV VWULFWO\
H[FOXGHG09GLPHUL]HV LQ DTXHRXV VROXWLRQZLWK DQ DVVRFLDWLRQ FRQVWDQWRI0í WKLV
GLPHU FDQ XQGHUJR GLVSURSRUWLRQDWLRQ .GLV   îí WR IRUP09 DQG WKH GRXEO\ UHGXFHG
TXLQRLG09 WKHODWWHURIZKLFKFDQEHLUUHYHUVLEO\SURWRQDWHGWRIRUPDQRWKHU UHGR[LQDFWLYH
VSHFLHV%HVLGHVLWVLQVROXELOLW\LQZDWHUDULVLQJIURPLWVODFNRIFKDUJHWKLVYXOQHUDELOLW\RI
09 WR SURWRQDWLRQ E\ ZDWHU KDV SUHFOXGHG LWV H[SORLWDWLRQ DV D FKDUJHVWRUDJH UHDFWDQW IRU
5)%V 7KLV VHFRQG PHFKDQLVP LV H[SHFWHG WR SUHGRPLQDWH ZKHQ QLWUR[LGH UDGLFDOV DUH
HPSOR\HG LQ WKH SRVRO\WH EHFDXVH WKHLU GHFRPSRVLWLRQ XSRQ F\FOLQJ LV DFFRPSDQLHG E\ D
GHFUHDVHLQWKHVROXWLRQS+VHHDERYH

2Q WKHRWKHUKDQG IHUURFHQHGHULYDWLYHV VXFK DV%70$3)F DUH UHGR[DFWLYH DQGFKHPLFDOO\
VWDEOH LQ DFLGLFWRQHXWUDO ZDWHU LQ HLWKHU R[LGDWLRQ VWDWH DV ORQJ DV WKH\ DUH SURWHFWHG IURP
R[\JHQ7KHR[LGL]HG IHUURFHQLXP IRUP LVGHFRPSRVHGE\R[\JHQ YLD DPHFKDQLVP WKDW
LQYROYHV WKH UHDFWLRQ RI WZR IHUURFHQLXP VSHFLHV ZLWK HDFK RWKHU EXW DON\O RU ¶
GLDON\OIHUURFHQLXP GHULYDWLYHV VXFK DV %70$3)F DUH VLJQLILFDQWO\ PRUH VWDEOH LQ DTXHRXV
VROXWLRQ WKDQ XQVXEVWLWXWHG IHUURFHQLXP 2QH QRWDEOH H[FHSWLRQ LV IHUURFHQ\OPHWK\O
WULPHWK\ODPPRQLXP VDOWV VXFK DV )F1&O 7KH FORVH SUR[LPLW\ RI WKH TXDWHUQDU\ DPPRQLXP
JURXS WR WKH IHUURFHQHFHQWHU PHWK\OHQHXQLWFDXVHV IHUURFHQ\OPHWK\OWULPHWK\ODPPRQLXP
6





'HWHUPLQDWLRQ RI 5HDFWDQW 3HUPHDELOLW\ WKURXJK 0HPEUDQH 7R PHDVXUH SHUPHDELOLW\








2SWLFV )ODPH6 6SHFWURPHWHU $VVHPEO\ DOORZHG WKH FRQFHQWUDWLRQV RI09%70$39L RU













7KH LPSDFWRI UHDFWDQW FURVVRYHURQ FDSDFLW\ ORVV LV VXPPDUL]HG LQ7DEOH 6 DQG)LJXUH 6



























)LJXUH 6 &URVVRYHU WHVWV IRU PHWK\O YLRORJHQ GLFKORULGH 09 %70$39L DQG









09 îí  
%70$39L îí  
%70$3)F îí  
6

5RWDWLQJ 'LVN (OHFWURGH 5'( PHDVXUHPHQWV 5'( H[SHULPHQWV ZHUH FRQGXFWHG XVLQJ D
3LQH ,QVWUXPHQWV0RGXODWHG6SHHG5RWDWRU$)065&(HTXLSSHGZLWKDPPGLDPHWHUJODVV\





WKH IROORZLQJ SDUDPHWHUV Q    )DUDGD\¶V FRQVWDQW)   &PROí HOHFWURGH DUHD$  
FP %70$3)F RU %70$39L FRQFHQWUDWLRQ &   îíPROFPí NLQHPDWLF




)LJXUH 6 D 3ORW RI SRWHQWLDO YV FXUUHQW GHQVLW\ DW GLIIHUHQW URWDWLRQ UDWHV RI WKH
URWDWLQJGLVNHOHFWURGH5'(7KHVROXWLRQLVP0%70$39LDQG01D&OLQ
+25RWDWLRQ UDWHV DUH LQGLFDWHG E.RXWHFNê/HYLFK SORW LíYVZí RI P0
%70$39L DQG 0 1D&O LQ +2 7KH FXUUHQW UHVSRQVH Lí LV VKRZQ IRU HLJKW
GLIIHUHQW%70$39LUHGXFWLRQRYHUSRWHQWLDOVKF)LWRI5'(H[SHULPHQWDOGDWDWRWKH
%XWOHU9ROPHU HTXDWLRQ FRQVWUXFWHG XVLQJ WKH FXUUHQW UHVSRQVH LQ WKH DEVHQFH RIPDVV
WUDQVSRUW OLPLWDWLRQV DW KLJK %70$39L UHGXFWLRQ RYHUSRWHQWLDOV LN LV WKH FXUUHQW
H[WUDSRODWHGIURPWKH]HURLQWHUFHSWRIWKHILWWHGOLQHVLQELHDWLQILQLWHURWDWLRQUDWH
7KHOLQHRIEHVWILWWRWKHUHJLRQEHWZHHQDQRYHUSRWHQWLDORI±P9KDVWKHHTXDWLRQ






)LJXUH 6 D 3ORW RI SRWHQWLDO YV FXUUHQW GHQVLW\ DW GLIIHUHQW URWDWLRQ UDWHV RI WKH
URWDWLQJGLVNHOHFWURGH5'(7KHVROXWLRQLVP0%70$3)FDQG01D&OLQ
+25RWDWLRQ UDWHV DUH LQGLFDWHG E.RXWHFNê/HYLFK SORW LíYVZí RI P0
%70$3)F DQG 0 1D&O LQ +2 7KH FXUUHQW UHVSRQVH Lí LV VKRZQ IRU HLJKW
GLIIHUHQW%70$3)FR[LGDWLRQRYHUSRWHQWLDOVKF)LWRI5'(H[SHULPHQWDOGDWDWRWKH
%XWOHU9ROPHU HTXDWLRQ FRQVWUXFWHG XVLQJ WKH FXUUHQW UHVSRQVH LQ WKH DEVHQFH RIPDVV
WUDQVSRUW OLPLWDWLRQV DW ORZ %70$3)F R[LGDWLRQ RYHUSRWHQWLDOV LN LV WKH FXUUHQW
H[WUDSRODWHGIURPWKH]HURLQWHUFHSWRIWKHILWWHGOLQHVLQELHDWLQILQLWHURWDWLRQUDWH
7KHOLQHRIEHVWILWWRWKHUHJLRQEHWZHHQDQRYHUSRWHQWLDORI±P9KDVWKHHTXDWLRQ





&\FOLF YROWDPPHWU\7KUHHHOHFWURGH F\FOLFYROWDPPHWU\ WHVWVZHUHSHUIRUPHGXVLQJ D JODVV\
FDUERQ HOHFWURGH PP GLDPHWHU D$J$J&O UHIHUHQFH HOHFWURGH %$6L SUHVRDNHG LQ 0
1D&O VROXWLRQ DQG DSODWLQXPZLUH FRXQWHU HOHFWURGH&\FOLFYROWDPPRJUDPVRI%70$39L













(OHFWURGHV RI FP JHRPHWULF VXUIDFH DUHD FRPSULVHG D VWDFN RI IRXU VKHHWV RI 6LJUDFHW 6*/
$$SRURXV FDUERQSDSHUZKLFKKDGEHHQSUHWUHDWHGE\EDNLQJ LQ DLU DW & IRUK$
VKHHW RI 6HOHPLRQ'69PHPEUDQH $VDKL*ODVV&R /WGZKLFK KDG EHHQ VWRUHG LQ 0
1D&O VROXWLRQ VHUYHG DV WKH LRQVHOHFWLYH PHPEUDQH 7KH UHVW RI WKH VSDFH ZDV JDVNHWHG E\
9LWRQVKHHWV7KHHOHFWURO\WHVZHUHIHGLQWRWKHFHOOWKURXJK)(3WXELQJDWDUDWHRIP/PLQí
FRQWUROOHG E\&ROH3DUPHU0DVWHUIOH[ /6 SHULVWDOWLF SXPSV&\FOLF YROWDPPHWU\ DQG URWDWLQJ
GLVN HOHFWURGH YROWDPPHWU\ VHH EHORZ ZHUH SHUIRUPHG XVLQJ D *DPU\ 5HIHUHQFH 
SRWHQWLRVWDW &HOO SRODUL]DWLRQ LPSHGDQFH VSHFWURVFRS\ PHDVXUHPHQWV DQG FKDUJHGLVFKDUJH
F\FOLQJ ZHUH SHUIRUPHG XVLQJ D %LR/RJLF %&6 EDWWHU\ F\FOLQJ V\VWHP RU D *DPU\
5HIHUHQFHSRWHQWLRVWDW

:KHUH HPSOR\HG JDOYDQRVWDWLF FKDUJLQJ DQG GLVFKDUJLQJ RI D IXOO HOHFWURFKHPLFDO FHOO ZDV
SHUIRUPHGDWWKHSUHGHILQHGFXUUHQWGHQVLWLHVXQWLOWKHFHOOYROWDJHURVHRUIHOOWR9RU9
UHVSHFWLYHO\ DIWHUZKLFK WKHUHZRXOG EH D VHFRQG KROG DW RSHQ FLUFXLW SRWHQWLDO EHIRUH WKH
QH[WKDOIF\FOHFKDUJHRUGLVFKDUJH)RUJDOYDQRVWDWLFF\FOLQJZLWKSRWHQWLDOKROGVF\FOLQJZDV
GRQH DV GHVFULEHG DERYH EXW RQFH WKH SUHGHILQHG SRWHQWLDO FXWRIIVZHUH UHDFKHG WKH FHOO ZDV
PDLQWDLQHGDWWKHVDPHYROWDJHXQWLOWKHPDJQLWXGHRIWKHFKDUJLQJRUGLVFKDUJLQJFXUUHQWGHQVLW\







PHDVXUHPHQWV LQ)LJXUHE9 LQDOORWKHUFDVHV7KHIUHTXHQF\RI WKHVLQHYROWDJHZDV
YDULHGVWHSZLVHIURPN+]WR+]ZLWKSRLQWVSHUGHFDGHLQORJDULWKPLFVSDFLQJ7KH
UHDOFRPSRQHQWRIWKHLPSHGDQFHDWWKHSRLQWZKHUHWKHLPDJLQDU\FRPSRQHQWRIWKHLPSHGDQFH





(IIHFW RI R[\JHQ SHUPHDWLRQ RQ FDSDFLW\ UHWHQWLRQ ,Q RUGHU WR GHPRQVWUDWH WKH HIIHFW RI
R[\JHQSHUPHDWLRQLQWRWKHFHOODFHOOZDVRSHUDWHGLQVLGHDQDLUILOOHGJORYHEDJ7KHUHDFWDQWV
ZHUHP/RIQHJRO\WHFRQWDLQLQJ0%70$39LDQGP/RISRVRO\WHFRQWDLQLQJ
0 %70$3)F 8SRQ JDOYDQRVWDWLF F\FOLQJ DW P$FPí DQ LQGXFWLRQ SHULRG ODVWLQJ
URXJKO\F\FOHVZDV VHHQDIWHUZKLFK WKH UDWHRIFDSDFLW\GHFUHDVHEHFDPHVWHDGLHUDQG WKH
&RXORPELF HIILFLHQF\ VWDELOL]HG 7KH VWHHS GURS LQ FDSDFLW\ GXULQJ WKH ILUVW  F\FOHV LV





)LJXUH 6&\FOLQJRI DGLIIHUHQW%70$39L %70$3)F S+ FHOO DW P$FPí
7KHFHOOZDVRSHUDWHGLQVLGHDQDLUILOOHGJORYHEDJIRUF\FOHV±WKHQWKHJORYHEDJ
ZDVSXUJHGDQGILOOHGZLWK1IRUF\FOHV±7RSWUDFHVOHIWD[LV(YROXWLRQRIWKH








WRRN SODFH  JDOYDQRVWDWLF FKDUJHGLVFKDUJH F\FOHV ZLWK SRWHQWLDO KROGV ZHUH SHUIRUPHG







YV F\FOH QXPEHU %RWWRP WUDFHV ULJKW D[LV &RXORPELF HIILFLHQF\ RI WKH FHOO IRU HDFK




$V EHIRUH D VKRUW LQGXFWLRQ SHULRG WKH ILUVW  F\FOHV ZDV REVHUYHG EHIRUH WKH &RXORPELF
HIILFLHQF\ VWDELOL]HG7KH FDSDFLW\ UHWHQWLRQ DW HDFKRI WKHGLIIHUHQW FXUUHQWGHQVLWLHVZDVZHOO
RYHU   F\FOH IRU DOO WKUHH FXUUHQW GHQVLWLHV XS WR   F\FOH DW P$FPí
)XUWKHUPRUH WKHDYHUDJH&RXORPELFHIILFLHQF\ZDVH[FHSWLRQDOO\KLJKDWVHH7DEOH
6,QJHQHUDOKLJKHUFXUUHQWGHQVLWLHVDUHDVVRFLDWHGZLWKWKHVKRUWHUF\FOHSHULRGVDVZHOODV




)LJXUH 6F LW LV DSSDUHQW WKDW WKH WHPSRUDO F\FOH IDGH UDWH LV HVVHQWLDOO\ LQGHSHQGHQW RI WKH
F\FOLQJ FXUUHQW GHQVLW\ 7KLV VXJJHVWV WKDW D FKHPLFDO UDWKHU WKDQ DQ HOHFWURFKHPLFDO
PHFKDQLVPLVPRVWO\UHVSRQVLEOHIRUWKHREVHUYHGFDSDFLW\IDGHRIWKH%70$39L%70$3)F
V\VWHP :H UHJDUG WKH FRQWLQXHG UHDFWLRQ RI UHGXFHG%70$39L DQG R[LGL]HG%70$3)F




7DEOH 6$YHUDJH FDSDFLW\ UHWHQWLRQ SHU F\FOH DQG&RXORPELF HIILFLHQF\ RI WKH S+
FHOODWWKUHHGLIIHUHQWFXUUHQWGHQVLWLHV











HIILFLHQF\   
5RXQGWULSHQHUJ\
HIILFLHQF\   





&HOO F\FOLQJ RI 09 YV %70$3)F 7R VHH KRZ %70$39L SHUIRUPV DV D ORZSRWHQWLDO
UHDFWDQWUHODWLYHWR09DFHOOZDVFRQVWUXFWHGWKHVDPHZD\DVGHVFULEHGRQ3DJH6H[FHSW
WKDWWKHQHJRO\WHFRPSULVHG0RI09GLVVROYHGLQZDWHULQVWHDGRI0RI%70$39L
DQG WKHH[SHULPHQWZDVFRQGXFWHG LQVLGHDQDUJRQILOOHGJORYHER[ LQVWHDGRIDQLWURJHQILOOHG
JORYHEDJJDOYDQRVWDWLFFKDUJHGLVFKDUJHF\FOHVZLWKSRWHQWLDOKROGVZHUHSHUIRUPHGDWD




















)LJXUH 6 (YROXWLRQ RI WKH FDSDFLW\ RI WKH %70$39L%70$3)F 5)% DW D
FRQFHQWUDWLRQ RI 00 GXULQJ H[WHQGHG FHOO F\FOLQJ DW P$FPí RUDQJH DQG
EURZQWULDQJOHVOHIWD[LV$WHYHU\WKF\FOHWKHSRWHQWLDOZDVPDLQWDLQHGDWWKHHQGRI
HDFKFKDUJHRUGLVFKDUJHXQWLOWKHFXUUHQWIHOOEHORZP$FPíEOXHFLUFOHVOHIWD[LV
















)LJXUH 6 &DSDFLW\ IDGH UDWH SHU F\FOH IRU HDFK RI WKH WZHQW\ILYH SHULRGV RI
JDOYDQRVWDWLF F\FOLQJ LQ 0DLQ 7H[W )LJXUH D DQG )LJXUH 6 (DFK SHULRG RI
JDOYDQRVWDWLFF\FOLQJFRQVLVWVRIQLQHFKDUJHGLVFKDUJHF\FOHVDWDFXUUHQWGHQVLW\RI
P$FPí+RUL]RQWDO FRORUHG OLQHV LQGLFDWH WKH FDSDFLW\ IDGH UDWHV RI RWKHU S+5)%
FKHPLVWULHVUHSRUWHGLQWKHOLWHUDWXUHDQGVXPPDUL]HGLQ7DEOH6













ZDV VHW XS DV GHVFULEHG RQ3DJH6 LQ D QLWURJHQILOOHG JORYH EDJZLWK P/RI QHJRO\WH
FRQWDLQLQJ0%70$39LDQGP/RISRVRO\WHFRQWDLQLQJ0%70$3)F%RWK
SRVRO\WH DQGQHJRO\WHZHUH FKDUJHG WR62&E\ WKH DSSOLFDWLRQRI D FRQVWDQWYROWDJHRI
9XQWLOWKHFXUUHQWGHQVLW\IHOOEHORZP$FPí2QFHWKLVZDVDFKLHYHGVPDOOYROXPHVRI
QHJRO\WH DQG SRVRO\WH ZHUH UHPRYHG XVLQJ D V\ULQJH ILWWHG ZLWK D ORQJ VWDLQOHVV VWHHO QHHGOH
ZKLOHWKHYROWDJHRI9ZDVVWLOOEHLQJDSSOLHGWRWKHFHOOOHDYLQJDVWDUWLQJFHOOFRPSRVLWLRQ

















WUDFH RI %70$3)F FRXOG EH GHWHFWHG LQ WKH%70$39L UHVHUYRLU RU YLFH YHUVD ZKLFK LV






%70$39L ZDV IRXQG WR KDYH GHFRPSRVHG WR1WULPHWK\ODPPRQLRSURS\O¶GLS\U\G\O
GLFKORULGH 070$3 DQG K\GUR[\SURS\OWULPHWK\ODPPRQLXP FKORULGH DIWHU F\FOLQJ KDG
FRQFOXGHG 6HH 3DJH 6 IRU WKH V\QWKHVLV RI070$3 7KH H[WHQW RI GHDON\ODWLRQ ZDV
FRQVLVWHQWZLWK WKHFDSDFLW\RI WKHFHOODW WKHVWDUWRIF\FOLQJFRPSDUHG WRZKDW LW VKRXOGKDYH




EDJHQYLURQPHQW LQVXEVHTXHQWF\FOHVZDVUHVSRQVLEOH IRU WKHGHFRPSRVLWLRQRI WKHPROHFXOH
7KLV K\SRWKHVLV LV VXSSRUWHG E\ WKH REVHUYDWLRQ WKDW WKH F\FOHG HOHFWURO\WH VKRZHG QR IXUWKHU
GHFRPSRVLWLRQ ZKHQ VWRUHG LQ D VHDOHG FRQWDLQHU DW  62& XQGHU 1 ZLWKRXW F\FOLQJ
)XUWKHUPRUH DV QRWHG HDUOLHU QR GHFRPSRVLWLRQ RI %70$39L ZDV VHHQ E\ 105 ZLWKLQ
LQVWUXPHQW HUURUZKHQ WKH F\FOLQJZDV SHUIRUPHG LQ DQ DUJRQILOOHG JORYH ER[ LQVWHDG RI WKH
JORYHEDJ,WPXVWEHQRWHGWKDW+105JHQHUDOO\KDVDSUDFWLFDOGHWHFWLRQOLPLWRIaZLWK
UHVSHFW WR WKH PDMRU DQDO\WH JLYHQ WKH ORZ FDSDFLW\ IDGH RI WKH %70$39L%70$3)F













)LJXUH 6 (YDOXDWLRQ RI WKH FKHPLFDO VWDELOLW\ RI %70$39L OHIW VSHFWUD DQG
%70$3)FULJKWVSHFWUDLQERWKWKHLUR[LGL]HGDQGUHGXFHGIRUPV7KHSUHVHQFHRID




*HQHUDO LQIRUPDWLRQ IRU V\QWKHVLV +105DQG&105VSHFWUDZHUH UHFRUGHGRQ9DULDQ
,129$ VSHFWURPHWHUV105VSHFWUDZHUH UHFRUGHG LQ VROXWLRQVRIGHXWHUDWHG FKORURIRUP
&'&OZLWKWKHUHVLGXDOFKORURIRUPSSPIRU+105DQGSSPIRU&105WDNHQ







$OO UHDFWLRQV XWLOL]LQJ DQK\GURXV VROYHQWVZHUH FDUULHG RXW LQ IODPHGULHG JODVVZDUH XQGHU DQ













WULPHWK\OFKORURSURS\ODPPRQLXP EURPLGH  <LHOG J  RI D ILQH ZKLWH
SRZGHU7KLVPDWHULDOZDVXVHGZLWKRXWSXULILFDWLRQLQWKHIROORZLQJVWHS

J RI  DQG J PPRO RI ¶GLS\ULG\O ZHUH VXVSHQGHG LQ aP/ RI
DQK\GURXV'0)DQGKHDWHGWRUHIOX[XQGHUDUJRQ8SRQKHDWLQJDOOVROLGVGLVVROYHGIROORZHG
VKRUWO\DIWHUE\ WKH IRUPDWLRQRID ODUJHDPRXQWRISDOH\HOORZSUHFLSLWDWH$IWHUKHDWLQJIRU
KRXU WKH UHDFWLRQ PL[WXUH KDG SDUWLDOO\ VROLGLILHG DQG KDG WXUQHG JUHHQLVK 7KH UHDFWLRQ ZDV
FRROHG WR URRP WHPSHUDWXUH ZKHUHXSRQ aP/ RI LVRSURSDQRO ZDV DGGHG DQG WKH VROLG





$ VROXWLRQ RI J PPRO RI  LQ aP/ RI GHLRQL]HG +2 ZDV SDVVHG WKURXJK
aNJ RIZHW$PEHUOLWH ,5$ UHVLQ FKORULGH IRUP 7KH UHVLQZDVZDVKHGZLWK a/ RI











1RWH ,I DQK\GURXV0H&1 LV XVHG LQVWHDG RI DQK\GURXV '0) DQG WKH UHDFWLRQZRUNHG XS DV
VSHFLILHG WULPHWK\ODPPRQLRSURS\O>
ELS\ULGLQ@LXP EURPLGH FKORULGH 070$3
LVREWDLQHGDV WKHRQO\SURGXFW$V WKHPDLQGHJUDGDWLRQSURGXFWRI%70$39L LWV +105


































UHVXOWLQJ VOLJKWO\ WXUELG JROGHQ\HOORZ VROXWLRQZDV WUDQVIHUUHGYLD FDQQXOD LQWR DQRWKHU IODVN
ZKLFK KDG EHHQ FRROHG WR & FRQWDLQLQJ D VROXWLRQ RI J PPRO RI IHUURFHQH LQ
aP/RIDQK\GURXV&+&O$IWHUVWLUULQJRYHUQLJKWWKHUHDFWLRQPL[WXUHZDVDJDLQFRROHGWR
&DQGDVROXWLRQRIP/RI01D%+PPROLQDQK\GURXVGLJO\PHZDVDGGHG
YLD FDQQXOD DQG VWLUULQJZDV FRQWLQXHG IRU D IXUWKHU  KRXUV )ROORZLQJ WKDW WKH UHDFWLRQZDV
FDUHIXOO\ TXHQFKHG E\ WKH DGGLWLRQ RI aP/ RI 0 DTXHRXV+&O 7KH RUJDQLF SKDVHZDV
LVRODWHG DQG WKH DTXHRXV SKDVH H[WUDFWHG ZLWK &+&O  î P/ 7KH H[WUDFWV ZHUH









LQ +2 aP/ DQG ILOWHUHG WR UHPRYH XQUHDFWHG IHUURFHQH DQG RWKHU ZDWHULQVROXEOH
LPSXULWLHV 7KH ILOWUDWH ZDV HYDSRUDWHG LQ YDFXR WR JLYH SXUH %70$3)F <LHOG J
RIDGDUNEURZQJODVV\VROLG,IWKLVVWHSLVSHUIRUPHGZLWKFROXPQSXULILHG¶ELV















































 PJ PPRO RI IHUURFHQHFDUER[\OLF DFLG PJ PPRO RI 









+  T +  P + & 105 0+]'062G į    


PJ RI  SURGXFHG LQ WKH SUHYLRXV VWHS ZDV VWLUUHG ZLWK P/ RI D 0 VROXWLRQ RI














































%DWWHU\(PSOR\LQJ D /RZ&RVW DQG6XVWDLQDEOH0HWK\O9LRORJHQ$QRO\WH DQG +27(032
&DWKRO\WH$GY(QHUJ\0DWHU
 -DQRVFKND70DUWLQ10DUWLQ8)ULHEH&0RUJHQVWHUQ6+LOOHU++DJHU0
' 6FKXEHUW 8 6 $Q $TXHRXV 3RO\PHU%DVHG 5HGR[)ORZ %DWWHU\ 8VLQJ 1RQ&RUURVLYH
6DIHDQG/RZ&RVW0DWHULDOV1DWXUH
 -DQRVFKND 7 0DUWLQ 1 +DJHU 0 ' 6FKXEHUW 8 6 $Q $TXHRXV 5HGR[)ORZ










 5LHJHU$ /(GZDUGV -20HWK\O9LRORJHQ5HDFWLRQV 5DWHV DQG0HFKDQLVPRI
&DWLRQ5DGLFDO)RUPDWLRQLQ$TXHRXV%DVH-2UJ&KHP
 .RVRZHU (0 &RWWHU - / 6WDEOH )UHH 5DGLFDOV ,, 7KH 5HGXFWLRQ RI 0HWK\O
&\DQRS\ULGLQLXP ,RQ WR0HWK\OYLRORJHQ &DWLRQ 5DGLFDO - $P &KHP 6RF   

 =KDQJ ': 7LDQ - &KHQ / =KDQJ / /L =7 'LPHUL]DWLRQ RI &RQMXJDWHG
5DGLFDO &DWLRQV $Q (PHUJLQJ 1RQ&RYDOHQW ,QWHUDFWLRQ IRU 6HOI$VVHPEO\ &KHP $VLDQ -

 %DUG $ - /HGZLWK $ 6KLQH + - )RUPDWLRQ 3URSHUWLHV DQG 5HDFWLRQV RI &DWLRQ
5DGLFDOVLQ6ROXWLRQ$GY3K\V2UJ&KHP
 9HQWXUL 0 0XOD]]DQL 4 * +RIIPDQ 0 = 5DGLRO\WLFDOO\,QGXFHG 2QH(OHFWURQ
5HGXFWLRQRI0HWK\O9LRORJHQ LQ$TXHRXV6ROXWLRQ5DG3K\V&KHP  

 +XUYRLV-30RLQHW&5HDFWLYLW\RI)HUURFHQLXP&DWLRQVZLWK0ROHFXODU2[\JHQLQ










 *DVVHU * )LVFKPDQQ $ - )RUV\WK & 0 6SLFFLD / 3URGXFWV RI +\GURO\VLV RI





$ $]L] 0 - *RUGRQ 5 * $ 5HGR[)ORZ %DWWHU\ ZLWK DQ $OOR[D]LQH%DVHG 2UJDQLF
(OHFWURO\WH1DW(QHUJ\
 ;LH:&RRN-3DUN+%)UHHPDQ%'/HH&+0F*UDWK-()XQGDPHQWDO
6DOWDQG:DWHU7UDQVSRUW3URSHUWLHVLQ'LUHFWO\&RSRO\PHUL]HG'LVXOIRQDWHG3RO\$U\OHQH(WKHU
6XOIRQH5DQGRP&RSRO\PHUV3RO\PHU
